Thus, the nonlinear method is a better way to obtain the isotherm parameters.
Abstract: This study deals with the adsorption of two pesticides, carbendazim and flumetsulam, from aqueous solutions onto four homoionic-montmorillonite clays (Ag + , Zn 2+ , Cu 2+ , and H + ) . Equilibrium adsorption isotherm data were analyzed using Freundlich, Dubinin-Radushkevich, and Temkin isotherms. Linear and nonlinear fitting methods were compared to determine the best-fitting isotherms for the experimental data. Three error analysis methods were used to evaluate the data for each method: the coefficient of determination (R 2 ) , sum of squared errors (SSE), and chi-square test ( χ 2 ) . Equilibrium adsorption isotherms exhibited that the carbendazim adsorption mainly involved cation exchange with homoionic-montmorillonite adsorbents. However, for flumetsulam, the main mechanisms were possibly the cation bridging by Ag + , Zn 2+ , and Cu 2+ cations and the surface complexation reactions of the adsorption on homoionicmontmorillonite (H + ) adsorbent. The modeling results showed that the nonlinear Freundlich model could fit the data
Introduction
Pesticides are considered as one of the main potential environmental hazards, as they are toxic to human beings, animals, and plants 1 Moreover, pesticides are carcinogenic in nature and they are sometimes nonbiodegradable 2−5 The increased population density is projected to increase the demand for food production. Thus, we need to grow food on even less land, with less water and with increasing use of pesticides for controlling pests 6 Therefore, high levels of these chemicals may be causing contamination in both irrigation and drainage water. These compounds have been recently detected in sewage effluents, surface water, ground water, and sometimes even in drinking water 7−10 Carbendazim is a fungicide from the benzimidazole group used to control a broad range of diseases on arable crops. Carbendazim is a weak base, with LogK ow of 1.48 at pH 7 (20 • C), and a basic pK a of 4.2 11, 12 It has been found to induce endocrine-disrupting effects 11, 13 Flumetsulam is a member of the sulfonanilide family of herbicides that is used for postemergence control for undersown wheat and certain legume crops and in both neutral and anionic forms in most agronomic soils, with a higher proportion of the anionic form in soils with higher pH 16 In aqueous solutions, the two molecules can undergo protonation-deprotonation reactions and form cation or anion species, which depends strongly on medium pH. Figure 1 shows the distribution and molecular structure of different species for carbendazim and flumetsulam as calculated using MarvinSketch software (Version 16.1.4, ChemAxon, http://www.chemaxon.com). When the solution pH is below the pK a1 constant (pK a1 = 4.2) of the equilibrium between form 1 and form 2, the carbendazim molecules mostly exist as cations (form 1). On the contrary, the major form of carbendazim molecules when the solution pH is higher than the pK a2 constant (pK a2 = 9.6) of the equilibrium between form 2 and form 3 is the anionic form (form 3). Between the two pK a constants (pK a1 < pH < pK a2 ), the neutral form (form 2) is dominant. However, flumetsulam molecules mainly exist in the neutral form (form 1) when the pH is below the pK a constant (pK a = 8.8) of the equilibrium between forms 1 and 2. Otherwise, the anionic form (form 2) is dominant (pH > 8.8). used to determine the best-fitting isotherm equation 22, 23 In this research, the linear and nonlinear methods of three isotherm models, Freundlich, DubininRadushkevich, and Temkin, were compared for the experimental data of carbendazim and flumetsulam adsorption on homoionic-montmorillonite clays. Three error analysis methods, R 2 , SSE, and χ 2 , were used to evaluate the data for each fitting method.
Results and discussion
Equilibrium Concerning the carbendazim, the M-H and M-Ag samples show higher affinity to carbendazim molecules than M-Zn and M-Cu. Indeed, as given in Table 1 , the order of the four adsorbents according to the distribution The adsorption of carbendazim on the negatively charged surface of montmorillonite mainly involves the cation exchange with the interlayer exchange cations present in clay minerals 25 The difference in adsorption capacity seems to indicate that the divalent cations present more difficulties than the monovalent cations to be exchanged by carbendazim in the cation exchange mechanism 19, 26 Moreover, it can interact with the positive sites at the edge of the montmorillonite clays through surface complexation reactions 33, 34 This might be the main mechanism involved in the adsorption of flumetsulam on M-H. 
Linear fitting of isotherm models
χ 2 is M-H > M-Zn > M-Ag > M-Cu for carbendazim and M-Cu > M-Zn > M-Ag > M-H for flumetsulam.
Nonlinear fitting of isotherm models
model is M-H > M-Zn > M-Ag > M-Cu for carbendazim and M-Cu > M-Zn > M-Ag > M-H for flumetsulam.
Comparison between linear and nonlinear fitting
According to the Freundlich isotherm model for both molecules ( 
Clay preparation
Montmorillonite clay (K10 with a fraction of <2 µm) was obtained from Fluka Chemie AG (Switzerland).
Homoionic-montmorillonite clays were prepared using a published procedure 35 A suitable amount of the montmorillonite clay was dispersed in solutions of Ag + , Zn 2+ , Cu 2+ , and H + ions as chlorides. The samples were then washed several times with distilled water to remove excess electrolytes. Homoionic clays were dried at 60
• C and powdered in a mortar to obtain finer grains before the experiments.
Reagents and solutions
Certified standards of carbendazim and flumetsulam, purity greater than 97%, were supplied by Sigma-Aldrich. Stock standard solutions were prepared in methanol at 1000 mg/L concentration. Working solutions of these compounds were prepared by further diluting the stock solutions in deionized water. Calibration standards were prepared at 5.0, 10.0, 20.0, 40.0, 60.0, and 100.0 mg/L concentrations by dilution with deionized water.
Methanol, silver chloride, zinc chloride, copper(II) chloride, and hydrochloric acid were purchased from SigmaAldrich. All the reagents were of analytical grade.
Adsorption experiment
Equilibrium isotherms were determined by shaking a fixed mass (0. The capacity of adsorption (q e ) was calculated using the following equation:
where the q e parameter is the capacity of adsorption at equilibrium (mg/g) and C 0 and C e are the initial and equilibrium concentrations of adsorbate in solution (mg/L), respectively. V (L) is the solution volume and M (g) is the homoionic-montmorillonite clay weight.
Equilibrium isotherm
A variety of models can be used to describe adsorption processes. Empirical adsorption isotherm equations are excellent for describing experimental sorption data. The equation parameters of these equilibrium models provide the sorption mechanisms, surface properties, and affinities of the sorbent. In the present study, three isotherm models were tested using carbendazim and flumetsulam as adsorbate molecules.
Freundlich isotherm
The Freundlich isotherm has been largely used to describe solid-liquid sorption systems. It is based on multilayer adsorption on heterogeneous surfaces 36, 37 The nonlinear Freundlich isotherm is commonly presented as:
The linearized form of Eq. (2) is:
where q e is the adsorbed amount of adsorbate per gram of sorbent (mg/g) and C e is the equilibrium concentration of the adsorbate in the solution (mg/L). K F and n are the Freundlich constants that represent the adsorption capacity and adsorption strength, respectively. The magnitude of n F = 1/n quantifies the favorability of adsorption and the degree of heterogeneity of the surface 39 In the linear form, it will have a straight line with a slope of 1/n and an intercept of ln(K F ).
The nonlinear equation reduces to a linear adsorption isotherm when parameter 1/n = 1 36 The linear adsorption isotherm equation becomes:
where q e and C e , as indicated previously, are the capacity of adsorption and the equilibrium concentration, respectively. K d is the distribution coefficient, which is defined as the ratio of the amount adsorbed and remaining of the adsorbate in solution at equilibrium.
Dubinin-Radushkevich isotherm
The Dubinin-Radushkevich isotherm is usually applied to adsorption data to determine the predominant adsorption type (physical or chemical) with the mean free energy E (KJ/mol), which describes the energy necessary for removing a molecule from its location in the sorption space to infinity:
when E < 8 kJ/mol, the predominant mechanism is physical interaction, and it is a chemical ion-exchange interaction if 8 kJ/mol ≤ E ≤ 16 kJ/mol.
The nonlinear form of this model is:
q e = (q s ) exp(−k ad ε 2 ).
The linear form of Eq. (6) can be described as follows:
where q e is the amount adsorbed at equilibrium (mg/g), q s is theoretical isotherm saturation capacity (mg/g), and k ad is the Dubinin-Radushkevich isotherm constant (mol 2 /kJ). Values of q s and k ad are calculated from the slope and intercept of the plot Ln q e versus ε 2 . ε, the Polanyi potential, is calculated by Eq. (8):
R, T, and Ce represent the gas constant (8.314 J/mol K), absolute temperature (K), and adsorbate equilibrium concentration (mg/L), respectively.
Temkin isotherm
The Temkin isotherm has generally been applied in the following form: 40, 43 q e = (RT /b T )LnA T C e .
The linearized form is:
with:
where R, T, and b T represent the gas constant (8.314 J/mol K), absolute temperature (K), and Temkin isotherm constant (KJ/mol), respectively. A T is the Temkin isotherm equilibrium binding constant (L/g) and C e is the equilibrium concentration (mg/L).
Error analysis
To evaluate the fit model of adsorption isotherms, the data are analyzed using error analysis functions. The R 2 , SSE, and χ 2 values were determined for linear and nonlinear isotherms:
22,37,44
where q c is the equilibrium capacity obtained from the model (mg/g) and q e is experimental data of the equilibrium capacity (mg/g).
